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A quantum-mechanical calculation of radiative recombinations in cylindrical GaAs-~Ga,Al!As quantum-well
wires excited by a cw laser in a photoluminescence experiment under quasistationary excitation conditions is
performed. We work within the effective-mass approximation and the parabolic-band model for describing
both electrons and holes, and consider, in the steady state, the interband absorption, and some radiative
recombination mechanisms, such as recombination of electrons with free holes and with holes bound at
acceptors. Carrier densities and electron-hole recombination decay times are calculated at room temperature
and as functions of the laser intensity. For doped quantum-well wires, it is shown that the presence of acceptors
substantially modifies the dependence on the laser intensity of the above quantities.
I. INTRODUCTION
In recent years, optical properties and radiative recombi-
nation in quasi-two-dimensional electronic systems under
excitation conditions have been the subject of intense inves-
tigations, and work most frequently has been carried out us-
ing optical absorption and photoluminescence~PL!
techniques.1–8 A review on radiative recombination pro-
cesses in III-V semiconductor quantum wells~QW’s! and
superlattices was given by Cingolani and Ploog.9 More re-
cently, the dependence on the cw laser intensity of the car-
riers photogenerated in asymmetric coupled QW structures
has been determined by Dinget al.,10 whereas a study of the
density dependence of electron-hole plasma lifetime in semi-
conductor QW’s has been reported by Bongiovanni and
Staehli.11 The experimental data by Dinget al.10 and Bon-
giovanni and Staehli11 were analyzed in a detailed study by
Oliveira and de Dios-Leyva12 on the steady-state PL of
GaAs-~Ga,Al!As QW’s. In a recent work, Brandtet al.13 pre-
sented a theoretical and experimental study of recombination
processes and PL intensity in QW’s under steady-state and
transient conditions.
With respect to radiative studies in quasi-one-dimensional
semiconductor systems as quantum-well wires~QWW!,
Citrin14 presented a theoretical study of exciton radiative
lifetimes and found exciton lifetimes of the order of 150 ps.
Mayeret al.15 performed time-resolved investigations on the
PL of GaAs-~Ga,Al!As quantum wires and found increased
carrier decay times for the smallest wires as the charge car-
riers get more and more confined. Also, Christenet al.16 per-
formed time-resolved low-temperature cathodoluminescence
measurements on quantum wires grown by organometallic
chemical vapor deposition on nonplanar, patterned sub-
strates, and reported a radiative recombination lifetime of
captured one-dimensional carriers longer than 310 ps. To our
knowledge, up to now there is no theoretical treatment on the
laser-intensity dependence of radiativee-h recombination
lifetime and carrier~electron or hole! density in QWW’s. It
is the purpose of the present work to provide a theoretical
treatment of some radiative recombination mechanisms, such
as recombination of electrons with free holes and with bound
~at acceptors! holes, under steady-state excitation conditions,
and for various cw laser intensities, QWW radii, and accep-
tor distributions in a cylindrical GaAs-~Ga,Al!As QWW. We
present the theoretical model for treating QWW PL under
quasistationary excitation conditions in Sec. II. Results and
discussion are given in Sec. III and conclusions in Sec. IV.
II. THEORETICAL MODEL
In this work we are concerned with the study of radiative
recombinations in cylindrical GaAs-~Ga,Al!As QWW’s ex-
cited by a cw laser in PL experiment under quasistationary
excitation conditions. When a semiconducting QWW is irra-
diated with light, the emitted PL response results from the
excitation of the system to a nonequilibrium state, and one
may essentially distinguish three processes, namely, the ab-
sorption of the exciting light with creation ofe-h pairs, ra-
diative recombination, and nonradiative recombination.
Here, we treat, in the steady state, the interband absorption,
and some radiative recombination mechanisms, such as re-
combination of electrons with free holes and with bound~at
acceptors! holes. We consider acceptors as channels for ra-
diative recombination as carbon acceptors are common when
growing these semiconducting heterostructures. We neglect
Auger processes, excitonic recombination~which may be
important in the low-temperature regime!, nonradiative re-
combination with interface traps~which may be relevant in
the low-laser-intensity regime and at high temperatures!,
spatial diffusion, and drift.7–19
In the following, we work within the effective-mass ap-
proximation and the parabolic-band model for describing
both electrons and holes; for simplicity, we consider one
hole band with a spherical carrier effective mass
mv50.3m0 , with m0 being the free-electron mass, which
results in a bulk value of 26 meV for the acceptor binding
energy, in agreement with experiment.20 Moreover, we limit
ourselves to radiative recombination ofn51 conduction
subband electrons with either free holes at then51 valence
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subband or with bound holes at neutral acceptors homoge-
neously distributed within the GaAs-~Ga,Al!As QWW. Tak-
ing into consideration the absorption of the exciting light,
which is proportional to the cw laser intensity, and the above
processes, the rate equation for the change in the density
ne of electrons in the conduction subband per unit of length




where vA , vcv , and vcA are the rate per unit length of
interband absorption, electron radiative recombination with
free holes, and bound holes, respectively. In quasistationary
conditions, the carrier densityne is determined by
vA5vcv1vcA , ~2.2!
which essentially relatesne to the laser intensity. Of course,
the densitynh of free holes in the valence subband per unit
of length in the QWW is related tone via the charge conser-
vation by taking into account the number of ionized accep-
tors. One therefore has two conditions that allow the calcu-
lation of the carrier densities and various radiative lifetimes
for given laser intensities, temperature, acceptor concentra-
tion, etc.
The processes involved in Eq.~2.2! are considered via the
Fermi ‘‘golden rule,’’ i.e.,
W5
2p
\ (i , f z^ f uH intu i & z
2d~Ef2Ei2\v!, ~2.3!
with H int 5(eA0 /m0c)e•p being the electron-photon inter-
action; e is the polarization vector in the direction of the
electric field of the radiation,p is the momentum operator,
e is the free-electron charge,A0 is the amplitude of the pho-
ton vector potential, and\v is the photon energy.
The rate per unit length of creating electron-hole pairs by
interband absorption of photons from a cw laser is propor-











where a f is the fine-structure constant,m cv is the
conduction-valence-band reduced mass,n(v) is the refrac-
tion index, pcv5^supxux& is the interband matrix element,
u(x) is the Heaviside unit step function,^ f c(r)u f v(r)& is the
overlap integral between the electron and hole envelope
wave functions in the QWW, andeeff is the effective band
gap of the GaAs-~Ga, Al!As QWW. The above equation is
obtained by considering transitions between then51 va-
lence and conduction subbands, summing over spins, and
assuming, for instance, the polarization of the electric field of
the exciting radiation as perpendicular to the QWW symme-
try axis.
The process of radiative recombination ofn51
conduction-subband electrons withn51 valence-subband
holes involves photons that have wave vectorsq in any di-
rection, and one sums in three dimensions over directions
and polarizations. The coefficientvcv for spontaneous emis-
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wherel is associated with the two photon-polarization di-
rections,elx and ely are thex and y components of the
polarization unit vector, andv8 andq are the frequency and
wave vector, respectively, of the emitted photon.












where me is the conduction-subband chemical potential,
b51/kBT, andec(k) is the electron kinetic energy associ-
ated to motion along the QWWz axis. Of course, the quasi-





, t5bme , ~2.8!













p S 2mckBT\2 D
1/2
. ~2.10!









, t85bmh , ~2.12!













whereg5mc /mn andmc (mn) is the conduction-~valence-!
band effective mass.


























In a similar way, and assuming a distributionP(r i) of
acceptors inside the GaAs-~Ga,Al!As QWW, the rate per unit
length of radiative recombination of electrons in then51






















2~r i ,l,k!F\2k22mc 1eeff2EA~r i !G , ~2.18!
K~r i ,l,k!5E d3r eik•zf n~r! f c~r!e2ur2ri u/l, ~2.19!
whereNA is the number of acceptors per unit of volume, and
nA@EA~r i !#5
2
21s exp@2EA~r i !/kBT#
~2.20!
is the probability distribution of having a hole bound to an
acceptor atr i , EA(r i) is the acceptor binding energy,
21 R is
the QWW radius,N(l,r i) andl are the normalization and
variational parameter of the acceptor envelope wave func-
tion, respectively, andNn is the normalization factor for the
envelope wave function associated with the first valence sub-
band.
An equation determining the conservation of the charge
relates the density of electrons in the conduction subband
with the densities of holes at the valence subband and ion-
ized acceptors, i.e.,
nh5ne1NAE 2pr idr i$12nA@EA~r i !#%P~r i !.
~2.21!
The above equation is solved simultaneously with Eq.
~2.2! in order to obtain the dependence on the laser intensity
of carrier densities, and the various radiative decay times.
Denoting byTcv the decay lifetime associated to recombina-
tion between electrons in the conduction subband and holes
in the valence subband, one hasTcv5 ne/vcv . So, if
TcA5ne /vcA is the decay time related to recombination with











III. RESULTS AND DISCUSSION
Results on the steady-state PL presented in this section
were performed for GaAs-Ga0.7Al 0.3As QWW’s, and assum-
ing a band-gap discontinuity between the well and barrier to
60% and 40% on the conduction and valence bands, respec-
tively, with the total band-gap differenceDEg ~eV!
51.247x, wherex is the Al concentration. Also, we have
used n(v)'n(eeff)'3.5, a temperature-dependent GaAs
band gap,12 a laser energy of\v51.75 eV, and an acceptor
concentrationNA510
16/cm3, which would correspond to an
acceptor concentration per unit of lengthNA
L5pR2NA . Note
that the steady-state PL quasi-Fermi levels for electrons
(me) and holes (mh) are related to the electron (ne) and
holes (nh) carrier densities by Eqs.~2.9! and ~2.13!, which
involve the evaluation of a Fermi integral.
The cw laser intensity-dependent carrier densities for
electrons~holes! at then51 conduction~valence! subband
are presented in Fig. 1 forT5300 K, and for both the un-
doped and aNA510
16/cm3 homogeneously dopedR510
mm GaAs-Ga0.7Al 0.3As QWW. For undoped QWW’s
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(nh5ne andvA5vcv), and in the intensity regime and tem-
perature considered here, the carrier densities vary as the
square root of the laser intensity~in this regime,
ne<n0'7310
5 cm21, and one hasI'nenh), and electrons
and free holes recombine following Maxwell-Boltzmann sta-
tistics. For doped QWW’s, and low laser intensities, the elec-
tron density is small; there are practically no holes bound at
acceptors as essentially all acceptors are ionized atT5300
K, andnh'NA
L5pR2NA , with the electron densityne vary-
ing linearly with the laser intensity, asv cv'I'nenh /n0
~notice that, in this regime, electrons again recombine with
free holes following classical statistics!. When the intensity
increases, the electron density increases, and recombination
with free holes according to Maxwell-Boltzmann statistics
dominates, withne.NA
L and nh'ne , and therefore, as
vcv'I'nenh /n0 , one finds the carrier densities propor-
tional to the square root of the cw laser intensity. We stress
that this transition from a linear to square-root dependence
on the laser intensity is a consequence of the temperature and
of the presence of acceptors in the semiconducting QWW.
Thee-h totalTtot radiative recombination lifetime, as well
as thee-h radiative recombination with free holes (Tcv) and
bound holes (TcA) are given in Fig. 2 as functions of the
intensity of the cw laser. The totale-h recombination life-
time was calculated via Eq.~2.22!. For undoped QWW’s and
in the intensity regime considered here~classical limit!,
T tot5Tcv'1/ne , whereasTcv is essentially constant for
acceptor-doped QWW’s, as there are practically no bound
holes at acceptors, and the number of holes at the valence
subband is independent of the laser intensity, if the intensity
is very low. Of course, as the laser intensity increases, one
reaches the regime for whichnh becomes laser-intensity de-
pendent, withnh'ne ~see Fig. 1!, and the total recombina-
tion lifetime tends to be the same as for undoped samples.
Note that in the doped QWW one findsTcA much greater
thanTcv , and soTtot'Tcv .
We would like to emphasize that we have neglected Au-
ger processes, excitonic recombination, nonradiative recom-
bination with interface traps, and other mechanisms such as
spatial diffusion, and drift, although they may be important
in connection with the radiative processes. In particular, at
low temperatures and laser intensities, excitonic recombina-
tion and interface trap processesmust be taken into
account10–12in any detailed calculation ofe-h recombination
lifetime and carrier concentration. Therefore, our results are
calculated at room temperature and are more realistic for
intermediate and high laser intensities. Also, for simplicity,
we have worked within the effective-mass approximation
and used a parabolic-band model for describing both elec-
trons and holes, and neglected the effects of conduction-band
nonparabolicity and the coupling of the top four valence
bands22 of both GaAs and~Ga,Al!As. Of course, these ef-
fects should be considered if one is interested in a detailed
quantitative evaluation of the carrier densities ande-h life-
times for varying laser intensities and temperatures. In that
sense, our theoretical results for the carrier densities ande-
h recombination lifetimes should be viewed with caution.
Nevertheless, the quantitative agreement of a previous
calculation12 in GaAs-~Ga,Al!As quantum wellswith the ex-
perimental results by Dinget al.10 ~on carrier densities! and
Bongiovanni and Staehli11 ~on e-h lifetimes! suggests that
such a calculation for QWW’s would be noteworthy.
IV. CONCLUSIONS
To conclude, we have studied radiative recombinations in
cylindrical GaAs-~Ga,Al!As QWW’s excited by a cw laser in
FIG. 1. Electron~hole! density per unit of length as a function of
the cw laser intensity atT5300 K for an R510 nm
GaAs-Ga0.7Al 0.3As QWW. Results are shown both for the undoped
QWW and for an homogeneous distribution of acceptors
(NA510
16/cm3) inside the QWW.
FIG. 2. Electron-hole radiative recombination lifetimes as func-
tions of the cw laser intensity atT5300 K for an R510 nm
GaAs-Ga0.7Al 0.3As QWW. The lifetime of the electron radiative
recombination with free holes is denoted byTcv , that with holes
bound at neutral acceptors byTcA , and the total radiative lifetime
by Ttot . Results are shown both for the undoped QWW
(Tcv5Ttot) and for a homogeneous distribution of acceptors
(NA510
16/cm3) inside the QWW.
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a PL experiment under quasistationary excitation conditions.
Within the effective-mass approximation and the parabolic-
band model for describing both electrons and holes, we have
considered, in the steady state, the interband absorption, and
some radiative recombination mechanisms, such as recombi-
nation of electrons with free holes and with holes bound at
acceptors. Carrier densities and electron-hole recombination
decay times are calculated at room temperature and as func-
tions of the laser intensity. For doped quantum-well wires, it
is shown that the presence of acceptors substantially modi-
fies the dependence on the laser intensity of the above quan-
tities. Unfortunately, in contrast with the case of GaAs-
~Ga,Al!As QW’s, to our knowledge there are no room-
temperature cw laser PL measurements available in QWW’s
to compare with our theoretical predictions. We believe,
however, that our results would be of interest in the quanti-
tative understanding of future PL experimental work in the
field.
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